INTRODUCTION
ies of other pain syndrome showed similar and different results compared with the previous CRPS study. Chronic pelvic pain patients had significantly lower levels of NAA/creatine (Cr) in the primary motor cortex compared with healthy patients. 9 And, chronic low back pain (CLBP) patients showed lower NAA levels and higher glutamate (Glu)+glutamine (Gln)/ Cr and Glu+Gln (Glx)/mL ratios in the anterior cingulate cortex (ACC) of CLBP patients compared with controls. 10 CLBP patients showed significant decrease in Glu in patients' ACC and reduced ml in the ACC and thalamus, 11 decreased choline (Cho) in the right somatosensory cortex. 12 Chronic pain patients have statistically significantly higher levels of Glu/tCr and Glx/tCr and lower levels of NAA/tCr than controls. 13 CRPS patients exhibit depression, anxiety, somatization, depersonalization, and higher ratings of psychological distress. [14] [15] [16] Additionally, this population is associated with significant risk factors of suicidal ideation such as severity of pain and depressive symptoms, which suggests that psychiatric interventions should be included in the treatment of CRPS. 7 Similarly, in a model of CRPS, specific neuroplastic changes are associated with anxiety and memory deficits. 17 MRS has been used to investigate neurometabolic abnormalities in patients with depression and other mental disorders. Depression is associated with lower mI concentrations in the thalamus and ACC 18 and has a negative correlation with the NAA/Cr ratio in the right putamen. 19 Compared to healthy controls, suicide attempters and depressed patients exhibit lower NAA levels and higher Gln levels. 20 Additionally, anxiety and depression have a positive relationship with NAA/tCr [Cr+ phosphocreatine (PCr)] and Glx/tCr levels in chronic pain patients. 21 Although the associations of various metabolites with mental disorders in patients with chronic pain have been reported, no studies have investigated both peripheral and central metabolites that affect neuropsychiatric symptoms in CRPS patients. Because the somatosensory system involved in pain perception includes the thalamus, the primary somatosensory cortex, and the insula, 22 we focused on these regions including the right and left thalamus and insula in CRPS patients. The thalamus is a relay centre subserving both sensory and motor mechanisms as well as pain perception 22, 23 and is involved in the processing of stimuli with emotional content such as depression and anxiety. 24, 25 Thus, we investigated central metabolites which may affect depression, anxiety, and suicidal ideation, focusing on the right and left thalamus in CRPS patients. As the right insula plays a critical role in situations involving anger, 26 metabolite levels which may affect anger were identified in the insula regions of CRPS patients. The somatosensory system involved in pain perception includes the thalamus, the primary somatosensory cortex, and the insula. 27 And abnormalities in brain structure and function of CRPS patients were found in prefrontal, motor cortex, cingulate cotex, thalamo-cortical somatosensory maps, and central somatosensory and motor networks. [28] [29] [30] [31] Thus, the aim of the present study was to determine specific peripheral and central metabolites in the right and left thalamus and insula that could affect depression, anxiety, suicidal ideation, and anger in CRPS patients.
METHODS

Participants
The present study recruited 12 CRPS patients who met the International Association for the Study of Pain criteria for CRPS type I (Budapest criteria) from Seoul National University Hospital (Seoul, South Korea). All participants underwent a detailed neuropsychiatric assessment at baseline that included a history of accidents, pain symptoms, routine blood analysis, electrocardiogram (ECG), and urine analysis. Subjects with abnormal high-sensitivity C-reactive protein (hs-CRP) levels or leukocytosis were excluded from this study.
The inclusion criteria for the CRPS subjects were as follows: a diagnosis of CRPS type I, between 25 and 55 years of age, and not having taken a benzodiazepine or having stopped taking a benzodiazepine medication 2 weeks prior to the study. All eligible patients were approached in the clinic and the project research goals were explained to them. The exclusion criteria were as follows: the presence of a major neuropsychiatric disorder prior to the diagnosis of CRPS, a neurological disease (cerebrovascular disease or brain tumor), history of brain trauma, high hs-CRP levels or leukocytosis, and/or the inability to undergo a magnetic resonance imaging (MRI) scan. From routine blood analyses, we can get the peripheral data. white blood cell, red blood cell, hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, red blood cell distribution width, platelet, plateletcrit, mean platelet volume, lymphocyte, monocyte, eosinophil, basophil, and absolute neutrophil count were measured using EDTA whole blood. Calcium, phosphorus, glucose, blood urea nitrogen, uric acid, cholesterol, serum total protein, albumin, total bilirubin, alkaline phosphatase, aspartate transaminase, alanine transaminase, creatinine, isotope dilution mass spectrometry-modification of diet in renal disease, Na, K, Cl, total CO2, and hs-CRP were measured from blood serum which does not contain white or red blood cells.
The sensory and affective dimensions of current pain were assessed with the short-form McGill Pain Questionnaire (SF-MPQ), which includes 11 sensory (MPQ-S) items and four affective (MPQ-A) pain items. The MPQ-S and MPQ-A subscales of the SF-MPQ were included in the analyses. The severity of neuropsychiatric symptoms (depressed mood, anxi-ety, suicidal tendencies, and anger) in each CRPS patient was measured with the Beck Depression Beck Depression Inventory (BDI), Beck Anxiety Beck Depression Inventory (BAI), Scale for Suicidal Ideation-Beck (SSI-B), and State-Trait Anger Expression Inventory (STAXI). This study was approved by the Institutional Review Board (IRB No. 1406-099-589) of Seoul National University Hospital (Seoul, South Korea). All data were obtained after written informed consent had been granted by all subjects following a full explanation of the experimental methods.
H-MRS data acquisition and processing
All MR data were collected using a 3T human MR scanner with a 16-channel head and neck coil (Siemens Trio system; Siemens Medical Solutions, Erlangen, Germany). For the 1 H-MRS volume localization, anatomical images were collected using a T2-weighted fast spin echo sequence along the axial (axi), sagittal (sag), and coronal (cor) directions with the following characteristics: repetition time (TR)=6,090 ms (axi) and 5,910 ms (sag and cor), echo time (TE)=89 ms, flip angle=90°/130°, field of view (FOV)=220×199 mm 2 (axi and cor) and 220×220 mm 2 (sag), matrix size=256×180, echo train length=5, echo spacing=9.93 ms, receiver bandwidth (BW)= 271 Hz/pixel, number of slices=30 (no gap), slice thickness= 5 mm, and number of signal averages (NSA)=128.
Based on the scout images, four volumes of interest (VOIs) were selected for analysis in each of the 12 subjects: the right and left thalamus (2×2×1.5 cm 3 ) and the right and left insula (2×1.5×2 cm 3 ). The VOIs in the right and left thalamus were placed along the axis of the thalamus to cover most of the volume. After autoshimming over the VOI, 1 H-MRS data were acquired using a point-resolved spectroscopy pulse sequence (PRESS; Bottomley) with the following characteristics: TR/ TE=2,000/30 ms, 2,048 data points, BW=2,500 Hz, NSA=128, four dummy scans, and four-step phase cycling. The main PRESS sequence was preceded by water and outer-volume suppression modules and the carrier frequency was adjusted by -2.3 ppm from the water resonance to minimize voxel displacement.
The 1 H-MRS data were analyzed with LCModel (Provencher) software (v. 6.3-1J) in the range of 1.0-4.2 ppm; the metabolite content was normalized to that of total creatine [(tCr)= Cr+PCr). Among a variety of MRS-detectable metabolites, we focused on the levels of NAA/tCr, N-acetylaspartylglutamate (NAAG)/tCr, Glu/tCr, Gln/tCr, valine (Val)/tCr, ml/tCr, alanine (Ala)/tCr, glycerophosphocholine (GPC)/tCr, and glutathione (GSH)/tCr. As additional reference markers, we used NAA, NAAG, total NAA (tNAA), Glu, Gln, and Glx. NAAG can be differentiated from NAA in vivo by MRS at 3T. 32 NAA, NAAG, Glu, and Gln have been used as additional reference markers. [33] [34] [35] [36] The final data analysis included only metabolites with a Cramer-Rao lower bound (CRLB) <30%.
Statistical analysis
The statistical analyses were performed using SPSS Statistics 21.0 (IBM Corp., Armonk, NY, USA). Pearson's correlation analyses were conducted to evaluate the associations between the metabolites and psychological disorders. p-values< 0.05 were considered to indicate statistical significance.
RESULTS
The present study analyzed the data of 12 patients (nine males and three females) with CRPS who completed all study procedures. The average age was 41.4±8.6 (range: 30 to 55) years, the average education level was 14.9±2.3 years, and the average duration of illness was 8.5±5.3 years. There were positive correlations between pain levels and depression, anxiety, and suicidal ideation in the CRPS patients (Table 1) , but no correlations between pain levels and anger (Table 1) .
Correlations between central neurometabolites and neuropsychiatric assessments in CRPS patients
The correlations between these neurometabolites and the BDI, BAI, SSI-B, and STAXI scores of the 12 CRPS patients Figure 1A ) and a positive correlation between Val/tNAA and the BAI (r=0.878, p=0.004, r²=0.771) ( Figure 1B ). In the left thalamus, there were positive correlations between Ala/Gln and the BDI (r=0.853, p=0.015, r²=0.728) (Figure 2A ) and the SSI (r=0.876, p=0.010, r²=0.767) (Figure 2A ), between Glu/Gln and the BDI (r=0.861, p=0.013, r²=0.741) ( Figure  2B ) and the SSI (r=0.942, p=0.005, r²=0.888) ( Figure 2B ), between NAAG/Gln and the BDI (r=0.811, p=0.027, r²=0.658) ( Figure 2C ).
On the other hand, the correlations of trait anger (STAXI-T) were analyzed with neurometabolites in right and left insula, but not in thalamus, considering that the right insula plays a critical role in situations involving anger. 26 In the right insula, there were negative correlations between Cr/NAA and the STAXI-T (r=-0.850, p=0.015, r 
Correlations between peripheral metabolites and pain levels or neuropsychiatric assessments in CRPS patients
We investigated the relationships between peripheral metabolites and MPQ pain level. Mean corpuscular hemoglobin (MCH) showed a negative correlation with MPQ total pain level (r=-0.607, p=0.036) ( Figure 4A ). Total CO2 showed a posi- tive correlation with MPQ sensory pain (r=0.579, p=0.049) ( Figure 4B ). There was a negative correlation between alkaline phosphatase and MPQ total pain (r=-0.665, p=0.018) ( Figure 4C ). There was a positive correlation between chloride and MPQ total pain (r=0.655, p=0.021) ( Figure 4D ). Next, we investigated the associations between peripheral metabolites and neuropsychiatry assessments in CRPS patients. Peripheral glucose showed negative correlations with depression (r=-0.631, r=0.028) ( Figure 5A ) and anger (r=-0.576, p= 0.050) ( Figure 5A ). There were positive correlations between total CO2 and depression (r=0.595, p=0.041) ( Figure 5B ), anxiety (r=0.701, p=0.011) ( Figure 5B ) and suicidal ideation (r= 0.655, p=0.021) ( Figure 5B ). Also, there was a positive correlation between chloride and depression (r=0.687, p=0.014) ( Figure 5C ).
DISCUSSION
CRPS patients have higher levels of depression and anxiety than healthy controls. 37 Similarly, the present study found that the CRPS patients who had higher pain levels had higher depression and anxiety levels. The present findings also revealed that suicidal ideation was affected by pain levels, which suggests that physical pain increases depression, anxiety, and suicidal ideation in CRPS patients and indicates that there are pathophysiological interactions between a painful body and the mind. The structural alterations and neurocognitive dysfunction observed in previous studies of CRPS patients 5 and the abnormal changes in specific neurometabolites identified in the present CRPS patients may contribute to the impaired recognition of social emotion, 6 increases in suicidal ideation, 7 and depression and anxiety in this population. Previous MRS studies investigating neurometabolites have associated these levels with psychological variables such as depression and anxiety. For example, lower NAA levels and lower mI concentrations have been observed in patients with depression, [18] [19] [20] which implies the presence of dysfunctional cell death related to neurons and glial cells. Because our previous studies have shown that CRPS patients already exhibit lower NAA levels and neuroinflammation-dependent elevations in lipid levels, neuronal cell death may affect depressive and anxiety symptoms in CRPS patients.
Although close relationships between neurometabolite levels and physical pain and mental pain were found with similar tendencies in the present study, there were differences between physical pain and mental pain in terms of the reference metabolites. CRPS patients exhibit increases in Ala, GPC, NAAG, mI, and Gln in conjunction with lower levels of NAA relative to tCr compared to healthy controls in our previous study (will be in press). However, the significant increases in specific metabolites that were related to mental disorders in CRPS patients in the present study were based on different references: NAA and NAAG in the right thalamus and Gln and Glx in the left thalamus. Neuronal cell death may differently affect mental disorders depending on right or left brain regions. Because NAA was reference markers in the right thalamus based on indicators of neuronal cell death, the increases in Val/tNAA over neuronal cell death seem to affect the presentation of psychological symptoms, including anxiety and suicidal ideation, in right thalamus-dependent CRPS patients. On the other hand, left thalamus-dependent CRPS patients showed Gln as reference markers in the significant results. Because an increase in Gln was associated with a decrease in NAA in our previous study (not yet published) and Lip13a is regarded as a marker of necrosis, 38 the psychological disorders of left region-dependent CRPS patients also seem to be affected by neuronal cell death. The synthesis of Gln from Glu and ammonia in astrocytes is related to ammonia detoxification and protection 
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from excitotoxicity due to excess glutamate. 39 One of the primary roles of astrocytes is to protect neurons against excitotoxicity by taking up excess ammonia and glutamate, and converting it into glutamine via the enzyme glutamine synthetase. 40 Also, glutamine synthetase in astrocyte is pivotal in health and disease, clearing ammonia and preventing neurotoxicity in the brain. 41 Interestingly, the increase in Gln seems to boost the protective mechanisms that underlie decreases in pain levels, depression, and suicidal ideation in CRPS patients. This may not be surprising because Gln is a key pharmaconutrient involved in the body's responses to stress and injury that exerts life-saving interventions. 42 The right insula plays a critical role in situations involving anger. 26 In the present study, significant differences in metabolite levels were identified in the insula regions of CRPS patients. More specifically, Cr in both right and left insula affected trait anger. Cr can be used as an internal reference for calculating metabolite ratios because its concentrations remain relatively stable. 43, 44 However, in CRPS patients, Cr levels may decrease due to the severe pain and energy deficiencies that result from the use of energy during pain regulation. This may be associated with the observed increases in trait anger given that Cr is an important organic compound acting as intracellular high-energy phosphate shuttle and in energy storage in muscle and brain tissues. 45 Additionally, high Ala levels are correlated with high blood pressure and hypertension 46, 47 and thus may also boost trait anger in CRPS patients.
Since glucose is used as an energy source, in addition to the role of energy metabolite Cr, as glucose is also used as an energy source, high levels of serum glucose related to high energy levels may lower trait anger and depression levels in CRPS patients. Recent evidence suggests that glucose dysregulation is associated with increased levels of depression, 48 and depressive symptoms are associated with lower glucose levels. 49 Interestingly, considering that people eat chocolate when they feel depressed, high glucose seems to psychologically affect alleviation of depression. Thus, glucose as well as Cr, an energy metabolite seems to play an important role for neuropsychiatric symptoms and psychological well-being in CRPS patients. Given that a rise in the partial pressure of CO2 or a lower pH will cause offloading of oxygen from hemoglobin known as the Bohr effect, the imbalance and dysfunctional interactions between oxygen and CO2 may affect high levels of pain and psychological disorders such as depression and anxiety. Impaired tissue oxygen saturation in patients with CRPS 1 50 may be associated with pain levels in CRPS. Indeed, hyperbaric oxygen therapy significantly alleviated mechanical allodynia, suggesting the inhibitory role of hyperbaric oxygen therapy in GABAergic neuron apoptosis suppresses ongoing neuropathic pain. 51 In other words, while high levels of oxygen may reduce pain levels, high CO2 levels may increase sensory pain levels, affecting the synergic boost of neuropsychiatric symptoms such as depression, anxiety and suicidal ideation in CRPS patients. Considering that alkaline phosphatase is optimally active at alkaline pH environments 52 and is related to a diagnosis of musculoskeletal pain, 53 high alkaline phosphatase levels in alkaline pH environments may affect the reduction of pain levels in CRPS patients. Since Cl-flow into or out of the cell plays a crucial role in hyperpolarizing or depolarizing the cells respectively, and neuropathic pain was associated with dysregulation of calcium-activated chloride channels, 54 high serum chloride levels may contribute to the elevation of pain levels in CRPS. Also, since high chloride levels in serum is associated with high depression levels as well as high pain levels in CRPS patients, chloride dysregulation seems to play an important role in the pathological mechanism of CRPS, affecting higher depression levels.
In the present study, these findings indicate that increases in mental pain may occur due to physical pain and that there is a close relationship between psychological disorders and CRPS. Thus, the present findings suggest that psychiatric interventions should be included in treatment regimens for CRPS to provide relief and enhance mental well-being in addition to alleviating pain. Unlike the internal reference (tCr) for metabolite markers of physical pain, the different metabolites that were identified as internal references played differential but important roles in the mental symptoms associated with pain depending on whether the alterations were in right or left brain regions. This suggests that personalized therapies should be introduced according to the psychological issues of an individual and whether there are right-or left-sided metabolic differences. This is a pilot study with a small sample size and a preliminary study to be progressed in the following research. Multiple correlations can be accounted for with Bonferroni and other corrections, or by the approach of controlling the false discover rate, but these approaches are not always needed, given that reducing the type I error for null associations increases the type II error for those associations that are not null. 55, 56 We used a rather liberal threshold for significance in correlation analysis, although requires a stricter significance threshold for individual comparisons, so as to compensate for the number of inferences being made. We may miss important findings when we stick to corrections for multiple correlations. Also, as the correlation results were consistent with our previous results and basic theoretical background for pain and psychiatry theory, we think that our findings deserve to be accepted. Because this is a pilot study with a small sample size and a preliminary study, we can confirm these findings and develop gradual progress and breakthrough in the follow-ing research. Some people may insist that values with a CRLB <20% were viewed as being reliable, but metabolites were considered reliably quantified if the CRLB were <50%. 57 Although we used liberal values with a CRLB <30% viewed as being reliable, our results were in line with our previous related other findings and theoretical background for pain and MRS study. Also, more liberal and challengeable approach can lead new important findings and make a new way to go breakthrough, given that considering as being reliable values with a CRLB <30% can reduce loss of sample numbers which may happen when a CRLB <20% viewed as being reliable, if researches based on a CRLB <30% report consistently reliable results. Thus, values with a CRLB <30% in our study can be viewed as being important to lead progress in human neuroscience and more active researches related to MRS.
In conclusion, to the best of our knowledge, this is the first study to report in vivo MRS data regarding both peripheral and central neurometabolites that affect neuropsychiatric symptoms in CRPS patients. The present study found distinct metabolites that could influence neuropsychiatric symptoms related to CRPS based on NAA-dependent right thalamus and Gln-dependent left thalamus. These results should make an important contribution to the determination and understanding of the complex pathophysiological mechanisms underlying psychological disorders in patients with CRPS. Additionally, these findings should be valuable for comprehending the relationships between peripheral and central metabolic markers of neuropsychiatric symptoms and pain markers of CRPS, and may be useful for the development of effective individual treatments for CRPS that can be based on metabolic differences in the right and left thalamus of these patients.
